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Fibre reinforced pre-preg systems have very good in plane properties, however they are weak in their
through thickness (z) direction. This research aims to address this issue by adding plasma treated carbon
nanotubes (CNTs) between the prepreg plies using a simple drawdown coating procedure. The signiﬁcant
test result shows by coating carbon nanotubes with a relatively low areal density (1.2 g/m2) the propa-
gation mode I toughness can be improved by up to 46%. Crack deviation leading to increased glass ﬁbre
bridging was observed for lower CNT coating concentrations explaining the improved performance. How-
ever at the highest areal coating density (2.0 g/m2) ﬁbre bridging disappeared and a stick–slip crack
response was observed resulting in lower delamination resistance. This research demonstrates a simple
method to incorporate a nanointerlayer that can manipulate crack propagation, leading to increased
delamination resistance.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
Fibre reinforced composites have excellent in plane strength and
stiffness to weight ratio properties and are being used in increasing
quantities in aerospace and automotive industries. However ﬁbre
reinforced composites are weak in their through thickness direc-
tion. This weakness can result in parts failing by delamination in
service, either from external loads or impact events. The presence
of a delamination can seriously reduce the strength and stiffness
of a laminate especially under compressive buckling loads, poten-
tially leading to catastrophic failure [1]. This research aims to ad-
dress this issue by using a carbon nanotube interlayer between
pre-preg plies to increase the delamination resistance.
Strategies do exist for directly addressing the delamination
problem, the most common ones being Z-pinning, 3D Weaving,
toughening particles, short ﬁbres and interleaving tough layers be-
tween the plies. These methods work on the macro scale and each
method has its own advantages and disadvantages compared to
the nanoscale reinforcement presented in this study. For example
Z-pinning [2–6] is known to give large improvements in delamina-
tion resistance, but at the cost of reduced in plane properties as thepins acting like nails can damage ﬁbres and add to ﬁbre waviness.
3D woven composites [7,8] as well as interleaving tough layers [9–
15] can improve the delamination resistance but again at the cost
of reduced in plane properties.
Carbon nanotubes have been shown individually to be extre-
mely strong, stiff and tough [16–18] and should make excellent
candidates as reinforcements for a polymer. However commercial
grades of carbon nanotubes come in a powder form of highly
entangled nanotubes, added to this their large surface areas [19]
and low surface energy makes them difﬁcult to disperse evenly
within a solvent or polymer [20]. Due to this reason, some pre-
treatment to the CNTs is needed such as acid [21–24], or disper-
sants [25–27] to improve compatibility with the host matrix.
Plasma treatment of carbon nanotubes [28–31] offers an alter-
native to wet chemistry methods and has the advantages of being
dry, single step processing, controllable, quick and, highly ﬂexible
in terms of the variety of gases available which can give different
functionalities.
Carbon nanotubes as a reinforcement has previously been
shown as an effective method for reinforcing an epoxy polymer
[20,32] and further developments have been made incorporating
CNTs into ﬁbre reinforced compositeswith varying success [33–37].
We have developed a novel method of plasma treatment [31] of
commercial grade carbon nanotubes which is shown to improve
dispersion of CNTs in epoxy and are now applying this work to tra-
ditional glass reinforced epoxy compositematerials. This study uses
a drawdown process on aerospace grade prepreg as an alternative
manufacturing technique which is simpler than previously
Table 1
Ethanol constants at 25 C [48].
Solvent Viscosity g mPa s Dielectric constant 
Ethanol 1.074 24.85
Fig. 1. Drawdown coating: (1) Glass, (2) Pre-preg, (3) CNT ethanol solution, (4)
Drawbar, (5) Clip. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Table 2
Coating density.
Solution concentration Measured coating density
0.5 g/30 ml 1.2 g/m2
1.0 g/30 ml 1.6 g/m2
1.5 g/30 ml 2.0 g/m2
Table 3
Zeta potential results.
Material fpotential
C150P-untreated 2.9
C150P-oxygen treated 31.5
174 J. Williams et al. / Composites: Part A 54 (2013) 173–181presented methods for incorporating a nanoﬁller into a composite
system. The process is quick, single step, potentially scalable andne-
gates CNT ﬁltering problems and increased viscosity associated
with resin transfer moulding methods [38]. We also show that the
fracture behaviour can be completelymodiﬁed by the ﬁller quantity
and consequently result in higher or lower fracture toughness.
2. Experimental
2.1. Materials
2.1.1. Carbon nanotubes
Bayer Material Science C150P carbon nanotubes [39] have been
used for this study. The C150P nanotubes are a commercial grade
of high purity P95%, multiwalled carbon nanotubes and come in
an agglomerated powder form. To improve their stability in com-
mon solvents, they have been oxygen plasma treated by Haydale
[40]. The carbon nanotubes are treated in a specially modiﬁed plas-
ma reactor, suitable for handling large quantities of nanomaterial,
see patents [41,42]. Our previous research [31] indicates this oxy-
gen treatment adds carboxylic acid groups to the carbon nanotubes
at 2.97 wt.%, increases the free surface energy and reduces the bulk
density.
2.1.2. Pre-preg system
Hexcel E-Glass 913 [43] unidirectional pre-preg system has
been used though out this study to characterise the affects of a car-
bon nanotube coating on mode I fracture toughness.
2.2. Zeta potential
To characterise the stability of the solutions, zeta potential
measurements have been made. The solution preparation was as(50mm)
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Fig. 2. DCB test geometry and schematic indicating which plies have been CNT coated
referred to the web version of this article.)follows, 0.02 g of the CNT powders were added to 25 ml of ethanol
in a bottle. The bottles were shaken by hand in a consistent man-
ner. The solutions were allowed to settle for 10 min before taking a
sample of the supernatant with a syringe. The supernatant was
then injected into the folded capillary cell ready for measurement
on a Malvern Zetasizer Nano Z system. The system directly mea-
sures electrophoretic mobility (lE), the velocity of the suspended
particles in solution within an electric ﬁeld, achieved by laser
Doppler velocimetry. Using the solvent properties (Table 1), the
electrophoretic mobility and the Henry Eq. (1) [44], the zeta poten-
tial can be calculated. These calculations were done by the Zetasiz-
er software [45]. All measurements were conducted at 25 C,
where UE is the electrophoretic mobility,  the solution dielectric
constant, f zeta potential, g viscosity and f(ka) Henry’s function
which increases from 1.0 at ka = 0 to 1.50 at ka =1 for this study
taken as 1.5 (Smoluchowski approximation) as used by similar
studies [46,47]. This approach makes the assumption that the par-
ticles are spherical which is not the case for carbon nanotubes con-
sequently this method can over estimate the true zeta potential by
20% [47].
UE ¼ 2eff ðkaÞ3g ð1Þ2.3. Specimen manufacture
The coating of the CNTs onto glass ﬁbre pre-preg was as fol-
lows. Oxygen plasma treated carbon nanotubes were dispersed
in 30 ml of ethanol at 0.5 g, 1.0 g and 1.5 g concentrations. These
solutions were then vortex mixed using a IKA MS 3 Basic. This
solution was then dispensed onto the top edge of the pre-preg
(Hexcel E-Glass 913) using a pipette. Using a drawdown bar (wire
gauge 0.5 mm) without rolling the bar, the solution was drawn
down the prepreg giving a coating of cabon nanotubes, an illus-
tration of the drawdown coating procedure is shown in Fig. 1.
The ethanol was then allowed to evaporate off before another
ply is placed on top and the process is repeated again. Them
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Fig. 3. Solution stability and morphology comparison between the untreated and treated CNTs. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
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Fig. 4. Pre-preg coatings (a) 1.2 g/m2 (b) 1.6 g/m2 (c) 2.0 g/m2. Micrograph inserts show respective CNT deposits on the pre-preg. The SEM images shows added detail of the
resin texture and CNT agglomerates highlighted blue for clarity. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
J. Williams et al. / Composites: Part A 54 (2013) 173–181 175stacking process was repeated in parallel until two stacks of ﬁve
plies are completed with only one of the stacks having a top coat-
ing (Fig. 2 Stack 1) with a sheet of release ﬁlm on top of the CNT
coating forming the artiﬁcial crack. Stack 2 is then laid on top,
locking the release ﬁlm in the middle, creating a stack of ten
plies, nine of which have been coated. It was decided to coat
the nine central plies as it was unknown at the time to what ex-
tent the CNTs would migrate during the curing process. Another
seven uncoated plies are then added either side of the stack to
produce a 24 ply laminate all at 0. The laminate is then bagged
and cured in an autoclave in accordance with the manufacturers
curing schedule (125 C for 1 h at 7 Bar) with an added dwell to
reduce any exotherm. Once the laminate is cured, 10 mm is cut
off around all the edges. Double cantilever beam (DCB) specimens
are then cut in accordance with the ASTM D5528-01 [49] stan-
dard (width b = 20 mm, crack length a0 = 50 mm L = 155 mm)
see Fig. 2 for details and a schematic identifying which central
plies have been CNT coated. Piano hinges were also attached as
indicated in Fig. 2 to facilitate loading using Redux 810 adhesive.
Table 2 shows the three different solution concentrations used
and the resulting coating density.2.4. Testing procedure
Double cantilever beam testing to determine mode I fracture
toughness was carried out in accordance to ASTM D5528-01 [49]
using an Instron 3343 testing machine and a 1 kN load cell. The
crosshead displacement speed was set at 2 mm/min. The crack
growth was monitored using a digital video camera. The energy
release rate (G1c) was calculated using the modiﬁed beam theory
method Eq. (2). The initiation value of G1c has been made using
the 5% offset maximum load method, as it is not relent upon vi-
sual interpretation to determine when the crack starts to grow.
The propagation value has been determined by averaging the
G1c values between crack lengths of 80 mm up to 105 mm. The
ﬂexural modulus has also been calculated in accordance with
ASTM D5528-01 using Eq. (3). Where P: the load, d: the load
point displacement, b: the specimen width, a: the delamination
length, h: the specimen thickness and D: correction factor to ac-
count for rotation of the DCB arms. D: was determined experi-
mentally in accordance with ASTM D5528-01 by generating a
least squares plot of the cube root of compliance (C1/3) as a func-
tion of delamination length.
Fig. 5. Micrographs of specimen cross sections, view looking at the ends of the ﬁbres. Ply interface regions highlighted. Colour added for clarity. Orange: 913 resin interlayer,
Blue: Carbon Nanotube/ 913 resin interlayer. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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3P
dbh3
ð3Þ3. Results
3.1. Zeta potential
The zeta potential results from the study are shown in Table 3. A
visual interpretation of the zeta potential results is shown in theFig. 6. Images of typical DCB specimens showing fracture surfaces and open DCB specim
surface textures. (For interpretation of the references to colour in this ﬁgure legend, theFig. 3 inserts of the CNT ethanol solutions. The quick settling un-
treated CNTs have a low magnitude of zeta potential whilst the
plasma treated CNTs show a higher zeta potential magnitude indi-
cating much better stability. The negative zeta potential sign for
the C150P oxygen plasma treated sample indicates that these CNTs
are negatively charged in the ethanol solution. These results are
similar to previous ﬁnding [50–53] for acid treated CNTs showing
higher magnitude zeta potentials compared to untreated CNTs, but
obtained using a much simpler plasma process. The SEM images of
the carbon nanotubes Fig. 3 shows a large reduction in agglomer-
ate size post plasma treatment, although the treatment has not
completely unbound the agglomerates into individual CNTs, theens, highlighting the observed differences in ﬁbre bridging behaviour and fracture
reader is referred to the web version of this article.)
Fig. 7. SEM images of the fracture surfaces around the crack initiation site, highlighting the increase in exposed CNTs between the specimens after a crack has propagated
through.
Fig. 8. SEM images of the fracture surfaces beyond crack tip, ﬁbre direction, exposed glass ﬁbres and witness marks left behind from pulled out ﬁbres highlighted.
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Fig. 9. Mode I, mechanical testing results (error bars show ± one standard deviation). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
Table 4
Flexural modulus parenthesis show one standard deviation.
Name Flexural modulus (GPa)
1.5 g Coating 45.6 ± (6.4)
1.0 g Coating 45.7 ± (2.2)
0.5 g Coating 45.4 ± (1.2)
Glass control 45.1 ± (2.7)
178 J. Williams et al. / Composites: Part A 54 (2013) 173–181combination of reduced agglomerate size and added oxygen func-
tionality [31] have improved stability.
3.2. Pre-preg coating quality
Fig. 4 shows the nanotube coatings on the pre-pregs, in each
case it is possible to see the solution dwell at the top of the sam-
ples. It should be noted this does not affect the DCB testing as
the crack is initiated far below the dwell area. The micrograph
Fig. 4 inserts show a contrast from sparse to dense deposition of
the CNTs to the pre-preg material consistent with increased coat-
ing solution concentration. The SEM images of the CNT coated
pre-preg surfaces were silver sputtered for imaging, they show
an uneven resin texture with the increasing quantity of CNT
agglomerates attached to the surface, highlighted in blue for clar-
ity. The 1.2 g/m2 and 1.6 g/m2solutions drew down well compared
to the 2.0 g/m2 solution, which produced a coarse much more con-
tinuous coating.
3.3. The cured carbon nanotube layer
From visual inspection the CNT layers tend to stay put although
a shallow migration above and below a few layers of ﬁbres is seen.
Fig. 5 shows example cross sections of the specimens, Fig. 5a of the
glass control has shown areas of a deﬁnable boundary between the
plies but not necessarily continuous, whilst compared to Fig. 5d of
the 2.0 g/m2 coated sample shows a clear continuous boundary.
The 1.2 g/m2 coating was similar to the 1.6 g/m2 coating Fig. 5band c displaying an interface region, but not as well deﬁned as
glass ﬁbres can be seen within the inter-ply region. The width of
CNT interply region was found to be 12.57 lm ± 5.35,
16.08 lm ± 6.35 and 23.50 lm ± 7.89, for the 1.2 g/m2,1.6 g/m2
and, 2.0 g/m2 coatings respectfully. The large standard deviations
shows how much this interply region varies along its length and
how difﬁcult it can be to deﬁne.3.4. Fracture surface
Fig. 6 shows the crack planes of the fractured DCB specimens
and a view showing the typical bridging response. The 1.2 g/m2
and 1.6 g/m2 coated pre-pregs have preformed similarly, of impor-
tance to note is the wool like texture on their crack planes and that
they display much more ﬁbre bridging compared to the glass con-
trol Fig. 6a and the 2.0 g/m2 specimen Fig. 6d coated specimen. The
2.0 g/m2 Fig. 6d test specimens displayed tide marks, highlighted
by ovals where the crack has propagated rapidly by sticking and
Fig. 10. DCB crack propagation modes: (a) glass control crack propagating between the plies. (b) 1.2 g/m2 and 1.6 g/m2 coated, showing deﬂected crack propagating within a
ply (c) 2.0 g/m2 coating, crack slips and sticks along CNT ply interface at various intervals creating tide marks. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 11. Micrograph images after fracture, viewing down the ﬁbre direction. Showing the differing responses between the samples. Colour added for clarity. Red: Fracture
plane, Green: Bridging Fibres, Blue: Nanotube interlayer. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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ﬁbres, indicating a short directional change in the crack path.3.5. SEM fracture surface images
The SEM images in Fig. 7 shows the fracture surface near the
ﬁlm insert. The arrows indicate the ﬁbre direction as well as the
crack propagation direction. The SEM of the glass control Fig. 7a
specimen has a much smoother appearance compared to the CNT
ﬁlled specimens. In Fig. 7b–d the dense carbon nanotube areas that
have been revealed during the fracture process are highlighted,
whilst the insert images show a close up of a CNT rich region.
The observable coverage of the CNTs on the surface increases with
the coating concentration as expected.
SEM images in Fig. 8 shows the fracture surfaces beyond the
crack initiation area. It is possible to see much more exposed ﬁbres
in the 1.2 g/m2 and 1.6 g/m2 CNT coated samples Fig. 8b and c com-
pared to the glass control and 2.0 g/m2 coated specimens Fig. 8a
and d, corroborating what is observable in Fig. 6 of the differingfracture plane textures. These SEM images also show that bridging
does not start instantly from the crack tip and that the ﬁrst ex-
posed ﬁbres appear approximately 100 lm from the initiation line.3.6. Mechanical testing results
The complied test data is shown in Fig. 9. Typical load vs. dis-
placement plots of each test piece is shown in Fig. 9a. The 1.2 g/
m2 and 1.6 g/m2 sample perform fairly similarly and better than
the glass control both in terms of initiation and load carrying capa-
bility. The 2.0 g/m2 specimens however performed worse than the
control in terms of propagation, but had a higher initiation load.
The saw tooth behaviour of the 2.0 g/m2 specimens is due to the slip
and stick crack jumping during the testing. The delamination resis-
tance curves ‘R’ curves shown in Fig. 9b mimic what is seen in the
load displacement graphs. That is the G1c values are signiﬁcantly
higher for the 1.2 g/m2 and 1.6 g/m2 samples during propagation,
compared to the glass control and 2.0 g/m2 samples. The large error
bars shown for the 2.0 g/m2 specimen is due to the sporadic nature
180 J. Williams et al. / Composites: Part A 54 (2013) 173–181of the crack jumping at different points between the samples.
Fig. 9c and d contains a summary of the initiation and propagation
results calculated from the tests and highlights the signiﬁcant G1c
increases obtained by 1.2 g/m2 and 1.6 g/m2 coatings.
The ﬂexural modulus presented in Table 4 has been averaged
over the complete DCB testing regime as the values do vary slightly
as the test progresses. It is important to note that the ﬂexural mod-
ulus is almost unchanged between the samples. Although expected
being a ﬁbre dominated property.
3.7. Discussion
The oxygen plasma treatment previously developed in our group
[31] has been an instrumental part of this study as it has allowed the
production of a stable CNT ethanol solution which was vital for a
successful drawdown process as it would be impossible to use un-
treated CNTs in this process due to their quick settling nature.
The drawdown coating of the pre-preg has shown to be an eco-
nomical and effective way for creating multiscaled composites and
could be used for adding a functional layer to composites. The pro-
cess also negates the ﬁltering affects and viscosity problems asso-
ciated with resin transfer methods of creating multiscale
composites [38]. The solution dwell noted in Section 3.2 could be
avoided in a continuous process environment.
The increase in mode I fracture toughness can not be explained
by the CNTs bulking the interply resin region alone, as at the larg-
est coating density the fracture toughness actually reduces. It is
evident however that for the more sparsely CNT coated specimens,
crack deviation causing increased ﬁbre bridging of the glass ﬁbres
is the primary reinforcing mechanism observed. A schematic of the
observed differences in crack propagation between the test cases is
shown in Fig. 10 and is based on the evidence from the micro-
graphs shown in Fig. 11. The important difference is that for the
1.2 g/m2 and 1.6 g/m2 coated laminates is the crack has been di-
verted away from the mid plane and has propagated erratically
within the ply resulting in clusters of ﬁbres being pulled away
and bridging Fig. 11b, in contrast the control case has a relatively
clean crack line. In previous studies it has been seen that thickened
interlayers and carbon nanotubes within a polymer can cause
cracks to deﬂect [10,54], although in this case it is possible the
more sparsely spread CNT agglomerates are acting like discrete
voids or defects encouraging ﬁbre bridging by allowing alternative
crack paths to form [55–57]. The 2.0 g/m2 coated specimens
Fig. 11c differs again as the fracture occurs mainly along the top
of the CNT-ply interface indicating a cohesive failure between the
CNT layer and the adjacent prepreg which ultimately led to re-
duced performance and indicates a limit to performance that can
be achieved by this method. It should be noted to the reader that
the observed responses can be attributed to the CNT interlayer
and not the drawdown procedure its self, as an ethanol only coated
specimen behaved similarly to the glass control presented here, in
terms of the quantity of ﬁbre bridging and the resulting delamina-
tion resistance.4. Conclusions
This report studied the affect of adding different quantities of
carbon nanotubes as an interlayer between prepreg plies. The fol-
lowing can be highlighted from the study.
1. Oxygen plasma treatment is a useful method to improve the
stability of the carbon nanotubes in ethanol and allows an ink
like solution of CNTs to be made.
2. The drawdown technique has been shown to be a very effective
alternativemethod for coating nanomaterial onto a prepreg surface.3. Through the methods outlined in this study it has been shown
possible to increase the fracture toughness of glass ﬁbre prepreg
up to 22% and 46% for initiation and propagation respectfully.
However a limit has been reached and beyond a 1.6 g/m2 coat-
ing the improvements are lost. This increase at the lower areal
coating densities can be attributed to increased glass ﬁbre
bridging, which has occurred due to the crack being encouraged
to propagate within the ply and not along the ply interface.
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